Flat manifold leptogenesis in the supersymmetric standard model 
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Flat manifold leptogenesis a la Affleck-Dine is investigated with the slepton and Higgs fields, L, 
H u , Hd, in the supersymmetric standard model. The multi-dimensional motion of these scalar fields 
is realized in the case that the LH U and H u Hd directions are comparably flat with the relevant 
non-renormalizable superpotential terms. Soon after the inflation, the lepton number asymmetry 
appears to fluctuate due to this multi-dimensional motion involving certain CP violating phases. 
Then, it is fixed to some significant non-zero value for the successful baryogenesis when the scalar 
fields begin to oscillate with rotating phases driven by the quartic coupling from the superpotential 
term h e LHdC c with h e ~ 10 -5 — 10 -3 . The Hubble parameter H OBC at this epoch for the completion 
of leptogenesis is much larger than the gravitino mass m 3 / 2 ~ 10 3 GeV. The thermal terms may 
even play a cooperative role in this scenario of early leptogenesis. The lightest neutrino mass can 
be m„j ~ 10 _4 eV, if the reheating temperature is allowed to be Tr ~ f0 10 GeV. 

PACS numbers: 12.60Jv 



I. INTRODUCTION 

The Affleck-Dine mechanism [Q, is well known as one 
of the promising candidates to explain the long-standing 
cosmological problem, baryogenesis, in supersymmetric 
models. Particularly, the LH U flat direction has been in- 
vestigated extensively for leptogenesis in the supersym- 
metric standard model, where the generated lepton num- 
ber asymmetry is converted with a significant fraction 
to the baryon number asymmetry through the anoma- 
lous electroweak process [|[ |[ |[ [|. I R this LH U case, 
there appears an interesting relation between the baryon 
number asymmetry and the neutrino masses through the 
superpotential term (LH U )(LH U ). It should here be no- 
ticed that the (H u Hd)(H u Hd) term is implicitly assumed 
to be larger than the (LH U )(LH U ) term. Otherwise, the 
H u Hd would be the flattest direction without producing 
the lepton number asymmetry. 

In this article, we reexamine the leptogenesis a la 
Affleck-Dine in the supersymmetric standard model by 
considering the new possibility that a flat manifold is 
formed for the L, H u and Hd fields with comparable 
(LH U )(LH U ) and (H u Hd)(H u Hd) terms. This compa- 
rability seems to be plausible if these non-renormalizable 
terms stem from the physics at the Planck scale. It has 
been observed recently in an extension of the supersym- 
metric standard model with triplet Higgs that the multi- 
dimensional motion can really be realized for the scalar 
fields on a flat manifold j6|. In the multi-dimensional 
motion on the flat manifold, non-conservation of cer- 
tain particle numbers with effective CP violation may be 
available from some potential terms with different depen- 
dences on the scalar field phases. Then, soon after the 
inflation the fluctuating motion of the scalar fields ap- 
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pears due to the effects of these potential terms, and the 
particle number asymmetries such as the B — L asym- 
metry are generated varying in time. We will show in 
the text that this sort of phenomenon indeed occurs for 
the flat manifold leptogenesis with the scalar fields L, 
H u and Hd in the supersymmetric standard model. It 
is the novel point in the present scenario that the lep- 
ton number asymmetry fluctuating after the inflation is 
fixed to some significant non-zero value due to the effect 
of the superpotential term h e LHde c . While the quartic 
term h 2 e \LHd\ 2 is safely small during the inflation with 
h e ~ 10~ 5 — 10~ 3 , it in turn provides the driving force 
for the scalar fields to oscillate with rotating phases at 
some epoch after the inflation. The Hubble parameter 
-ffosc at this epoch of the onset of oscillation by the h e 
quartic term can be much larger than the gravitino mass 
m 3 /2 ~ 10 3 GeV. The leptogenesis is completed in this 
quite early epoch with H ~ H OS c, which may even be 
before the thermal terms j|, B, fjj become significant. 
Hence, this flat manifold leptogenesis is not restricted 
by the physics at the electroweak scale such as the low- 
energy supersymmetry breaking terms. This is in salient 
contrast to the conventional flat direction leptogenesis. 



This article is organized as follows. In Sec. II, the 
relevant part of the supersymmetric standard model is 
presented for the flat manifold leptogenesis. In Sec. II], 
the mechanism of flat manifold leptogenesis is described 
following the respective epochs starting with the infla- 
tion, and the resultant lepton number asymmetry is esti- 
mated specifically related to the lightest neutrino mass. 
In Sec. |y|, the thermal effects are discussed to show 
that they do not alter essentially the present scenario for 
leptogenesis. In Sec. detailed numerical calculations 
are made to confirm the multi-dimensional motion of the 
scalar fields, and the reasonable parameter range for the 
sufficient leptogenesis is identified. Sec. VI is finally de- 
voted to the conclusion of this investigation for the flat 
manifold leptogenesis. 
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II. MODEL 



with 



Wc investigate the supersymmetric standard model in- 
cluding the non-renormalizable superpotential terms, 



(7) 



A 



A 



Wnon = '^(LiHuXLiHu) + ^L(H u H d )(H u H d ), (1) 

where M represents some very large mass scale such 
as the Planck scale, and the suitable basis is chosen 
for the relevant fields to give the positive and diago- 
nal \y { and positive X H . The i?-parity violating terms wne re 9 12 represents the u e 



The effective coupling is estimated as 



m e + sin #i2 m,, 



H 



d 



10" 
10" 



(»12 < 10- 2 ) 
(#12 ~ 1) 



(8) 



{LiH u )(H u Hd) are not included for simplicity. These 
terms do not alter the present leptogenesis scenario if 
they are not significantly large compared to W non . We 
here assume the condition on the terms in Wnon, 



A 



H 



A 



& < A# 3 , A^. 



(2) 



Then, the flat manifold for leptogenesis is formed with 
the Li, H u and Hd fields. The lepton doublet L\ includes 
the lightest neutrino v\ with mass 



rn„ 



A 



{Hu) 
M 



10" 6 eV 



10 19 GcV 



(3) 



where ^/(H u ) 2 + (H d ) 2 = 174GeV with (H u )/(H d ) = 
tan/3. The comparability of A$ and Xh would be un- 
derstood by considering that these non-renormalizable 
terms stem from the physics at the Planck scale. On the 
other hand, as indicated from the solar and atmospheric 
neutrino puzzles, the other two neutrino masses are prob- 
ably around 10~ 2 eV, apparently requiring A^ 2 , A^ 3 ~ 
10 4 (Af/10 19 GeV). Such large couplings may be obtained 
effectively as A^ 2 ,A^ 3 ~ X^ i (M/M„c) by the so-called 
seesaw mechanism with heavy right-handed neutrinos at 
an intermediate scale M u c <c M The see-saw con- 
tribution to \y /M should, however, be suppressed suf- 
ficiently for the successful leptogenesis. 

The superpotential terms relevant for the flat manifold 
leptogenesis are given by 



W = ://. :.,/.,//.,«;, + iiHuHd + W no „. 

The F terms except for the contributions of W n . 
then calculated as 



(4) 



F 

F H . 



l — (h e )ijHdej, F e c = (h e )ijLiHd, 



fiHd, Fff d — (h e ) i jL i e c j + [iH u . 



(5) 



Among the slepton fields, only the sneutrino v\ in L\ 
associated with the lightest neutrino is considered to de- 
velop a very large coherent field value during the infla- 
tion, according to the condition (Q). Then, it is usually 
supposed that the v\ and H® are incompatible for the 
flat directions due to the F e a terms. However, this is not 
necessarily the case in the present scenario. In fact, the 
F e c terms provide the quartic term 



hl\L 1 H d \ 



(6) 



mixing, and the effect of 
As 



the v e -v T mixing is assumed to be small enough, 
explained in Sec. Ill , while this quartic term is safely 
small during the inflation with h e ~ 10~ 5 — 10 -3 , it in 
turn provides the driving force for the scalar fields to 
oscillate with rotating phases at some epoch after the 
inflation. This is one of the essential points in the present 
scenario for the flat manifold leptogenesis. 

According to the above arguments, the flat manifold is 
specified by the D-flat condition for the SU(2) L x U(l) y 
gauge interactions, 



N 2 



(9) 



and the other fields are vanishing. Henceforth, we adopt 
for simplicity the notation, L = i>\, H u = and Hd 
II]] . suppressing the lepton generation indices. Including 
the contributions of Wi lon , this manifold is flat enough 
for both the LH U and H u Hd directions in the case that 
Xfy and Xh are comparable, 



0-3 < Xj^/Xh < 3, 
as observed in Ref. [§. 



(10) 



III. FLAT MANIFOLD LEPTOGENESIS 

We here describe the mechanism of leptogenesis on the 
flat manifold consisting of the scalar fields L, H u , Hd, say 
AD-flatons. (The scalar fields associated with the flat po- 
tential are intrinsic in supersymmetric models, which are 
named flatons ||. Here, we consider such fields as par- 
ticipants in leptogenesis/baryogenesis a la Affleck-Dine.) 
The scalar potential for the AD-flatons (j> a = L,H u ,Hd 
may be presented as 



V = V hiKh + h 2 e \LH d 



Mow 



(11) 



These three parts become dominant in the high, middle 
and low energy scales, respectively. The evolution of the 
AD-flaton fields is traced in the corresponding epochs 
starting with the inflation. The high-energy part is pro- 
vided from the superpotential Wnon with the mass scale 
M and the corresponding soft supersymmetry breaking 
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with the Hubble parameter H: 



+ 



L(LH U 



r 



M 



+ X 



H- 



Hd(H u Hd) 



M 



A 



H u {H u Hd) 



M 



H U (LH U ) 



M 



^a ¥ H(LH u )(LH u ) +h.c. 



2M 



a H H{H u H d ){H u H d ) + h.c. 



+ + (12) 

The last term with the gauge couplings g and g' of the 
SU(2) L and U(1) F , respectively, is also included here to 
realize the Z?-flat condition (||) for the very large \L\, 
\H U \ and \H&\. The low-energy part V\ OVJ includes the 
remaining terms, which are related to the parameters 
to 3/2j ImI ~ 10 3 GeV. It will be clarified in the follow- 
ing that the quartic term h\\LHd\ 2 plays a crucial role 
to complete the flat manifold leptogencsis. On the other 
hand, the low-energy part V\ ow is actually irrelevant for 
the leptogenesis. This is in salient contrast to the con- 
ventional flat direction Affleck-Dine mechanism. In this 
section, we do not either consider explicitly the thermal 
terms 0. |, §. It will be seen m Sees. |[V] and |y| that the 
thermal terms do not alter essentially the present sce- 
nario of flat manifold leptogenesis. They may even play 
a cooperative role for leptogenesis. 



A. H = H int 

During the inflation the Hubble parameter takes al- 
most a constant value -ff; n f, which is typically 10 14 GeV 
or so. In this epoch, the AD-flaton fields quickly settle 
into one of the minima of the scalar potential (|ll]) with 
H = Hinf- The potential minima is almost determined 
by the high-energy part 14; g h as 



-X°V(0) 



ri V#inf(M/A), 



(13) 



with A representing the mean value of A^ and Xh ■ The 

generation of these non-trivial minima (|l^) with ~ 
0.1 — 1 far apart from the origin on the multi-dimensional 
flat manifold depends rather complicatedly on the param- 
eters, c a , A^, Xh, ay and an |§. As usually considered, 
at least one of c a 's should be positive so that the origin 
stays unstable in the inflation epoch. It is also essen- 
tial for the flat manifold formation that Xy and Xh are 
comparable, as given in Eq. (|Io|). Otherwise, the po- 
tential minima would be developed along either the LH U 
direction or the H u Hd direction. 



_ By comparing High ~ H? nf (M/\) and h 2 e \LH d \ 2 ~ 
h 2 e H 2 nf (Af/A) 2 , the following condition is expected to be 
satisfied for the flatness of the L-H u -Hd manifold during 
the inflation: 



-Hinf > H a 



hi(M/X). 



(14) 



The critical value H osc of the Hubble parameter for which 
the h e quartic term becomes comparable to Vhigh may be 
estimated in terms of m v 



10 y GeV 



with Eqs. (||) and 

h e y f lCT 6 eY 
10" 



(15) 



Hence, the condition ( [14] ) can be satisfied readily since 
-ffinf is typically 10 14 GeV or so. Here, it may be noticed 
that if h e ~ 10~ 3 with large v e -v^ mixing, H osc could 
be comparable to H m f. Remarkably, even in such an ex- 
treme case with H osc ~ H m { the successful leptogenesis 
can be realized, as confirmed by the numerical calcula- 
tions in Sec. 0. 



B. H OBC < H < -ffinf 

After the inflation the inflaton oscillates coherently, 
and it dominates the energy density of the universe. In 
this epoch with H > H osc , the high-energy part Vhigh is 
still dominant, and the evolution of the AD-flaton fields 
is essentially the same as in the case of the model with 
triplet Higgs ||. We recapitulate the main results with 
suitable changes of notation, showing especially the fluc- 
tuating behavior of the lepton number asymmetry after 
the inflation. 

The AD-flaton fields are moving toward the origin with 
the initial conditions at t — to ~ H^I { after the inflation, 



(16) 



The evolution of the AD-flaton fields is governed by the 
equations of motion, 



dV 

ZH<t>a + utt = 0. 



(17) 



The Hubble parameter varies in time as H = (2/3)t -1 
in the matter-dominated universe. The AD-flaton fields 
may be represented suitably in terms of the dimensionless 
fields Xa U as 



4>a = XaVH{M/X) = e'S^AfM/A). 



(18) 



Then, the equations of motion (|17]) are rewritten with 
z = \n(t/t ) as 



d 2 X a , dU 



0, 



(19) 



dz 2 dx* a 

and the initial conditions from Eq. ( ft6| ) are given as 

Xa(0He^ O V(°>, ^gL(O) = i Xa (0). (20) 
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It should be noticed in Eq. ( p~S| ) that the first-order z- 
derivative is absent due to the parametrization of (f> a in 
Eq. (18). The dimensionless effective potential is given 
dominantly by 



U( X a) 



-Vhieh 



1 



9H 3 (M/X) 
\(H osc /H)\ XiXHd \ 2 



\Xa\ 



(21) 



The second term is due to the time variation of the factor 
y/H(M/X) in Eq. (|l8|), which apparently provides the 
change of the mass terms in U(xa), 



9 

16' 



(22) 



The third contribution from the h e quartic term is small 
enough in this epoch with H > H osc , while it will in turn 
play a crucial role in the next epoch. The low-energy 
part Mow is clearly negligible for H osc > m 3 / 2 , \fi\. 

The behavior of the AD-flaton phases 9 a is described 
in this epoch as follows. The initial conditions at t = to 
(z = 0) are given from Eq. (^(J) as 



9a(O)=0(°>, ^(0) = 0- 



(23) 



On the other hand, the asymptotic trajectory of the AD- 
flaton fields is found by the conditions dU/dx* a — in 
this epoch with the small enough h e quartic term as 

9 a =0^. (24) 

It is remarkable in the multi-dimensional motion of the 
AD-flaton fields with A^ ~ \h that the direction of this 
trajectory is somewhat different from the initial direc- 
tion, i.e., 



(25) 



This is because the apparent change of the mass terms 
in Eq. (^2j) due to the redshift induces the new balance 
among the Ae-Ajj cross term, ay term and an term in 
U(xa), which have different dependences on 9 a . (If the 
fine-tuning is made as arg(a^) — arg(ajy) = tt mod 2tt, 
the initial balance is maintained independently of \x a \ 
so as to realize 9a°^ = 9a •) Without the dxa/dz (fric- 
tion) term in Eq. (p9h, the AD-flaton phases 9 a slowly 

fluctuate around ^i^starting from ^i ' as a function of 
z = bx(t/t ) in the epoch Hrj ~ t < t < That is, 

in the motion on the multi-dimensional flat manifold 

the AD-flaton fields no longer track exactly behind 
the decreasing instantaneous minimum of the scalar po- 
tential. This is in salient contrast to the conventional 
Affleck-Dine mechanism on the one-dimensional flat di- 
rection, where the AD-flaton phase is fixed for a long time 
until the low-energy supersymmetry breaking terms be- 
come important. 

In this way, through this fluctuating motion of the (al- 
most) homogeneous coherent AD-flaton fields <p a (t), the 



particle number asymmetries are generated soon after the 
inflation as 



An a = n a — n a — i{4>* a <j) a - (j>l4> a )- 



(26) 



The fractions of the respective asymmetries are also 
calculated by considering the redshift in the matter- 
dominated universe as 

e a (t) = An a /[(3/2)H 2 (M/X)} = -2rA (27) 

dz 

The lepton number asymmetry is particularly given as 
the L asymmetry, 



££(*) = ££(*)• 



(28) 



Since the AD-flaton phases are fluctuating in this early 
epoch, as mentioned so far, the lepton number asym- 
metry is oscillating in time as |ez,(£)| ~ \dO a /dz\ < 
|6»i 0) - 9 { a ] \ - 0.01 - 0.1 (r a - 0.1 - 1) numerically for 
the reasonable parameter values. 



C. m 3/2 < H < H osc 

The high-energy potential terms and the h e quartic 
term are redshifted for H > H osc after the inflation as 



Vhigh 
h 2 \LH d \ 2 



H 3 (M/X), 
h 2 e H 2 (M/X) 2 



(29) 
(30) 



with \4> a \ ~ y/H(M/X) in Eq. (jT|). Then, the h e quar- 
tic term eventually dominates in the present epoch with 
H < H osc , playing the crucial role for the flat manifold 
leptogenesis. Specifically, this quartic term acts in some 
sense as positive mass-squared terms for the L and Hd 
fields, driving the AD-flaton fields to oscillate. Once the 
oscillation begins, the lepton number asymmetry is fixed 
to some non-zero value as 



e L (t) = e L (i»-ff - c 1 ). 



(31) 



This asymptotic behavior of ez,(i) in the later time is in 
accordance with the fact that the lepton number violating 
terms in Vhigh are redshifted rapidly to be much smaller 
than the lepton number conserving terms including the 
h e quartic term. (See Sec. [v] for the numerical results.) 
It is also obvious that for H 3> TO3/2, the low-energy 
part View still provides negligible effects in this epoch of 
leptogenesis. 

The coherent oscillation of the inflaton field dominates 
the energy density of the universe until the decay of in- 
flatons is completed at the time tu (^> H~ s l). Then, the 
universe is reheated to the temperature Tr. Until this 
time the lepton number asymmetry is redshifted as mat- 
ter, which is given at t = £r (H — Hp) with Eqs. (|27 
<M) and <M) as 



n L (t R ) = e L (3/2)Hj t (M/X). 



(32) 
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Then, the lepton-to-entropy ratio after the reheating is 
determined with s ~ 3H R Mp/T R as 



s 



{ M/X)T R 
2M| 



Vo.i 



10" 6 eV\ / T fl \ 
I 10 9 GeV 



, (33) 



where M P = m P /\/87r = 2.4 x 10 18 GeV is the reduced 
Planck mass, and the relation (||) between M/X and 
m Ul is considered. This lepton number asymmetry is 
converted partially to the baryon number asymmetry 
through the electroweak anomalous effect. The chemical 
equilibrium between leptons and baryons leads the ratio 
rifl = — (8/23)ri£ (without any preexisting baryon num- 
ber asymmetry) p0| . Therefore, the sufficient baryon- 
to-entropy ratio can be provided as required from the 
nucleosynthesis with 77 = (2.6 - 6.2) x KT 10 Q. 

It should here be noted that the reheating temperature 
may be constrained as Tr < 10 s — 10 10 GeV, or even more 
severely, for m 3 / 2 ~ ITeV to avoid the gravitino prob- 
lem jl2], [l3|, [u]. Hence, the desired mass of the lightest 
neutrino is very small generally as m Wl < 10~ 6 cV. It 
will, however, be found in Sec. |v| that there is some 
range of the model parameters for the successful lepto- 
genesis with relatively large m Vl ~ 10~ 4 eV, if the re- 
heating temperature is allowed to be T R ~ 10 10 GeV for 
TO 3/2 ~ several TeV with small hadronic branching ra- 
tio of gravitino decay Bh ~ 0.01 [|l3). Then, the pre- 
diction for the neutrinoless double beta decay with very 
small m Vl || could be evaded in the case of L-H u -Hd fiat 
manifold leptogenesis. 



IV. THERMAL EFFECTS 

We now discuss that the thermal terms for the scalar 
potential |I| ||, [?J do not alter essentially the present sce- 
nario of flat manifold leptogenesis. Before the reheat- 
ing after inflation is completed, there is already a dilute 
plasma of the inflaton decay products with temperature 



T p ~ (T 2 R HM P ) 



1/4 



(34) 



Then, the AD-flatons acquire the thermal mass terms in 
this plasma, 



V thl = c th2/ 2 T 2 |0 Q | 2 (y|0 Q | <T p 



(35) 



where y is the relevant coupling constant, and Cth is the 
positive constant, e.g., Cth = 3/4 for a quark superfield. 
One can readily estimate the Hubble parameter H t hi 
when the thermal mass terms begin to dominate over 
the Hubble induced mass terms: 



H 



thi 



T 2 M P 
y^M/Xf 



, (y 4 T 2 R M P ) 



1/3 



(36) 



The thermal log terms are also given mainly through the 
modification of the SU(3) C gauge coupling as 



^h2 = a th a 2 (r)T p 4 ln(| ( /» a | 2 /T 1 p 2 ) 



(37) 



with ath ~ 1 depending on the particle contents. The 
Hubble parameter H t h2 for the thermal log terms to be 
comparable to the Hubble induced mass terms is also 
estimated with \<f> a \ ~ y/H(M/X) as 



H th2 ~ a s [T 2 Af P /(M/A)] 



1/2 



(38) 



Then, the thermal effects become important for the Hub- 
ble parameter 



H th ~ max [H thl ,H th2 \ 
It really takes the maximal value as 



(39) 



5 x 10 8 GeV 



( T R \ ( m Vl \ 1/2 



)(: 



V10 9 GcVy V10- 6 eV 



(40) 



with certain value of the relevant coupling, 



1/4 



y ~ 3 x 10" 



Vl0 9 GeVy Vl0- 6 eV 



3/8 



(41) 



where Eq. (||) is considered for m vi and M/X. It is 
readily seen that H osc > H t h for a wide range of the 
model parameters. Then, the leptogenesis is completed 
dominantly by the h e quartic term. On the other hand, 
one may obtain Hth ^ H osc for certain model param- 
eter range with h e ~ 10~ 5 , (M/X) < 10 18 GeV and 
Tr > 10 9 GeV. Then, the oscillation of AD flaton fields 
is driven by the thermal terms rather than the h e quar- 
tic term. In any case, the lepton number asymmetry 
fluctuating after the inflation is fixed to some significant 
non-zero value in the early epoch with H to 3 / 2 - The 
thermal terms do not severely suppress the lepton num- 
ber generation, but even play a cooperative role in the 
flat manifold leptogenesis. 



V. NUMERICAL ANALYSIS 

We here present the results of detailed numerical cal- 
culations for the flat manifold leptogenesis. The charac- 
teristic features in the multi-dimensional motion of the 
AD-flaton fields are confirmed, and the reasonable range 
of the model parameters is identified for the sufficient 
leptogenesis. 

The values of the various model parameters are taken 
in the following range: 

M = 10 17 GeV, H iaf = 10 14 GeV, t = (2/3)H.^, 
h e = 1Q- 5 - 1Q- 3 , T R = 10 5 GeV - 10 10 GeV, 



A$, A 



H = 0.1A- 10A, A 
OfrLco = 0-2, 



10" 



1. 
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and [0, 2tt] for the phases of coupling parameters. Here, 
the parameters relevant to the low-energy part Vj ow are 
not presented explicitly. It has been checked numerically 
that the effects of Vj ow is negligible in the present scenario 
of flat manifold leptogenesis. While the fixed value of the 
mass scale M in W n0 n is presented for defmitcness, the 
results are really obtained as a function of AT/A. The 
value of tan /3 is determined in Eq. (||) for given h e with 
#12 ~ (small Ve-Vp mixing) or 812 ~ 7r/4 (large v^-v^ 
mixing) . 

By choosing randomly the model parameter values, we 
have first determined the initial values of the AD-flaton 
fields in Eq. ( |l6| ) just after the inflation. (The initial 

phase of H u is chosen as 9$ = without loss of general- 
ity by making a U(l)y transformation.) Then, we have 
solved the equations of motion (|lj]) for a sufficiently long 
time interval from t = to (H = -ff; n f) to t ~ 10 8 io, evalu- 
ating the particle number asymmetries e a (t) as functions 
of time. (In practice, we have solved Eq. Jl9| ) for \a 
with Eq. ( |2C| ) as functions of z = ln(t/to), since the time 
interval ranges over many orders. The D-flat condition 
(^) is checked to be hold within numerical errors.) The 
dominant contributions to the thermal terms I4hi + ^4h2 
are also taken into account for the evolution of the AD- 
flaton fields. The relevant parameters are taken for the 
thermal mass terms as y = m q / (Hd) and Cth = 3/4 with 
the q — d,s quarks, y — m c /(H u ) and cth = 3/4 with 
the c quark, and y = m^KHd) and cth = 1/4 with the 
muon. These Yukawa couplings may be close to the op- 
timal value as given in Eq. (^) , depending on tan /3. As 
for the thermal log term, a t h = 9/8 is taken due to the 
decoupling of the top quark from the thermal plasma. 

We have actually made calculations by taking hun- 
dreds of the parameter sets. Some typical cases are listed 
in Table [j], where the sufficient lepton number asymmetry 
is obtained. The cases (1) and (2) correspond to the small 
h e (small v e -v^ mixing) and the large h e (large v e -v^ mix- 
ing), respectively. Although different values are taken for 
M/A and Tr in the cases (1) and (2), the resultant cl 
has only moderate dependence on these parameters. It 
should here be noticed that H osc ~ H in f in the case (2). 
Then, the h e quartic term as well as the high-energy part 
Vhigh may be important to determine the potential min- 
imum in the inflation epoch. We have really confirmed 
that even in such an extreme case the multi-dimensional 
motion of the AD-fields can be realized producing the 
significant lepton number asymmetry. 

We have also searched the specific parameter range 
allowing for somewhat high Tr ~ 10 10 GeV, where the 
sufficient lepton number asymmetry is obtained with rel- 
atively large m Vl ~ 10~ 4 eV for the lightest neutrino. A 
typical example is presented as the case (3) in Table |. 

The time evolution of the AD-flaton fields has been 
determined precisely by these numerical calculations. In 
Fig. [|, the multi-dimensional motion of the AD-flaton 
fields is typically depicted in terms of the dimensionless 
fields \a for the case (1) in Table [| In Fig. 0, is also 
shown the time variation of the particle number asymme- 



tries, or the contributions to the hypercharge asymmetry, 
(bold line), — ch u (slim line) and ejj d (dashed line), 
which are evaluated with the solutions of Xa- Here, we 
can check the hypercharge conservation (within the nu- 
merical errors), — eu u + £H d = 0. The lepton number 
asymmetry is given just by ej, = e^. These asymmetries 
are really fluctuating after the inflation, and then fixed 
to certain values for t 3> -ffosc ■ 

As for the thermal effects, we have observed that 
they do not alter essentially the present scenario of flat 
manifold leptogenesis. In a wide range of the model 
parameter space, the thermal effects on the final lep- 
ton number asymmetry are found to be small for 
-Hose 3> H t h, particularly with lower reheating temper- 
ature Tr < 10 8 GeV. It should, however, be noted 
that the lepton number asymmetry varies slowly with 
z = hx(t/to), as seen in Fig. ||. Then, it actually 
takes a rather long term ranging over some orders around 
t oj H~ s l to fix completely the lepton number asymmetry 
by driving the AD-flaton oscillation. In such a situa- 
tion, when -ff t '" ax is smaller only by a few orders than 
H osc , as seen for the case (1) of Tabic fl the thermal 
terms become dominant at the late stage of leptogene- 
sis for driving the AD-flaton oscillation. In Fig. |j, the 
time variation of the lepton number asymmetry ej,(i) is 
shown for the case (1) in Table |, where the solid and 
dashed lines represent the results with and without the 
thermal terms, respectively. In this case, the thermal 
log term is considered to provide the dominant effect. 
We really observe here that the lepton number asymme- 
try is finally fixed by the thermal terms, though the h e 
quartic term first triggers the AD-flaton oscillation. The 
resultant 6l is changed by some factor ~ 1 due to the 
thermal effects. We may even have H osc < H^ ax for 
some cases with smaller h e ~ 10~ 5 , M/A < 10 18 GeV 
and higher T R > 10 9 GeV. Then, the AD-flaton oscilla- 
tion to complete the leptogenesis is driven mainly by the 
thermal terms rather than the h e quartic term. In any 
case, the thermal terms do not provide severe suppres- 
sion, but may even play a cooperative role for the flat 
manifold leptogenesis. 

The magnitudes of AD-flaton fields are found to be 
scaled roughly as 



l^alcX^W. 



(42) 



In Fig. H, this redshift is shown typically for the case (1) 
of Table [fl in terms of the dimensionless variables r a (t) oc 
jjce(t)-i/2_ j£ j g kg erve d up to some fluctuating behavior 
that the power of redshift a(t) eventually changes as 



«(*) 



1/2 (t<H-l) 
2/3 (iCi < t < H- 1 ) 
7/8 {H^<t<m-} 2 ) 



(43) 



1 (t 



> 



'3/2 



4) 



We here find especially that in the late epoch H t] ^ < 
t < rn~J 2 the evolution of the AD-flatons is determined 
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dominantly by the thermal terms, while the leptogenesis 
is already completed during the epoch H~ s l <t< Hl^. 
The redshift of the AD-flaton fields changes finally to 
\<j> a \ oc H, when the low-energy soft supersymmctry 
breaking mass terms become dominating. 

In Fig. [j| the time variation of the scalar potential 
terms is also shown in terms of the dimensionless effec- 
tive potential U(Xa) m Eq.(pl|), where the symbols indi- 
cate the respective terms as [c] : Hubble induced negative 
mass-squared terms, [a]: Hubble induced A terms, [F]: 
\F\ 2 terms from W^on, [h e ]: \LHj\ 2 term, [th]: thermal 
terms. It is observed that in the epoch with H > H osc 
the [c], [a] and [F] terms in Vhigh really dominate be- 
ing scaled as H° in terms of the U(xa)- Then, the [h e ] 
and even [th] terms catches up them around H ~ -ffosc- 
Soon after that, the [th] term dominates over the [h e ] 
and [c] terms, and the [a] and [F] terms including the 
lepton number violation decrease rapidly, so that the lep- 
ton number asymmetry is fixed to some non-zero value. 
The D 2 term is not shown here for simplicity. Since 
D = (g 2 + 9 ,2 ) 1/2 (\L\ 2 - \H U \ 2 + \H d \ 2 ) is calculated by 
using the solutions of (j) a {t), it is very sensitive to the 
numerical errors for the cancellation among \(f> a \ 2 terms 
by several orders. We have really checked that the D 2 
contribution is smaller than 10~ 3 in the unit of U(xa), 
though it apparently exhibits a violent oscillation within 
this small range. This oscillating behavior is regarded to 
be an artifact within the intrinsic numerical errors due 
to the fine cancellation among the large \<pa\ 2 terms in 
calculating the D term. The D 2 term is anyway small 
enough compared to the leading terms in the U(xa), and 
the D-flat condition (^) is maintained quite well through 
the evolution of the AD-flaton fields. 

It has been argued that the comparability of A^ and 
Xh is essential for the flat manifold leptogenesis. In Fig. 
^, the resultant lepton number asymmetries are plotted 
depending on the ratio A^ / Xh, where the relevant param- 
eter values are taken randomly. It is clearly seen that the 
flat manifold leptogenesis can be realized naturally under 



the flatness condition jlfj|). 



VI. CONCLUSION 

We have investigated the flat manifold leptogenesis a 
la Affleck-Dine with the slepton and Higgs fields, L, H u , 
Hd, in the supersymmetric standard model. The multi- 
dimensional motion of these AD-flaton fields is indeed 
realized in the case that the LH U and H u Hd directions 
are comparably flat with the relevant non-renormalizablc 
superpotential terms. Soon after the inflation, the lep- 
ton number asymmetry appears to fluctuate due to this 
multi-dimensional motion involving certain CP violating 
phases. Then, the lepton number asymmetry is fixed to 
some significant non-zero value for the successful baryo- 
genesis when the scalar fields begin to oscillate with ro- 
tating phases driven by the quartic coupling from the su- 
perpotential term h e LHde c with h e ~ 10~ 5 — ICC 3 . The 
Hubble parameter H osc at this epoch for the completion 
of leptogenesis is much larger than the gravitino mass 
m 3/2 ~ 10 3 GeV. The thermal terms do not alter this 
scenario of flat manifold leptogenesis in the early epoch. 
They may even play a cooperative role for leptogenesis. 
The lightest neutrino mass can be m Vl ~ 10 _4 eV, if the 
reheating temperature is allowed to be Tr ~ 10 10 GeV. 
Clearly, this flat manifold leptogenesis is not restricted 
by the physics at the electroweak scale such as the low- 
energy supersymmetry breaking terms. 
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TABLE I: Typical cases for the flat manifold leptogenesis, where M = 10 17 GeV and H ln t — 10 14 GeV are taken for definiteness. 
The index a denotes the AD-flatons as <j> a = L, H u ,Hd in order. 

case (1) case (2) case (3) 

h e 3 x 1(T 5 1(T 3 KT 3 

(tan f3, 9i2 ) (10.2,0) (2.1,tt/4) (2.1,tt/4) 

(M/\,T R ) (10 19 GeV, 10 9 GeV) (10 20 GeV, 10 8 GeV) (10 18 GeV, 10 10 GeV) 

{H osc , fl- t T x ) (9 x 10 9 GeV, 5 x 10 s GeV) (10 14 GeV, 10 7 GeV) (10 12 GeV, 10 10 GeV) 

{\#,\h) (1.0 x 10 -2 , 1.5 x 10 -2 ) (1.5 x 10 _3 ,0.5 x 10 -3 ) (4.0 x 10"\ 1.0 x 10 _1 ) 

ia#,a H ) (1.0e i(1/4)7r , 1.0e l(1/2)7r ) (1.5e _i(1/3),r , 0.5e~ ilv ) (2.0e l(1/3)7r , 0Ae in ) 

c a (1.5,1.0,0.5) (1.0,1.0,1.0) (2.0,2.0,0.5) 

ri 0) \ / 0.738 0.753 0.148 \ / 0.397 0.954 0.868 \ / 0.313 0.640 0.558 



l 1 ) J I 1.236 0.039 3.101 ) \ -1.188 -0.007 0.226 ) \ -2.019 0.005 2.819 



6>i 0) I \ 1.208 3.108 ) \ -1.170 0.237 ) \ -2.040 2.783 

r ( a ] \ ( 0.775 0.823 0.277 \ / 0.392 1.047 0.971 \ / 0.282 0.711 0.654 



3.0 x 10 _6 eV 3.7 x 10" 7 eV 1.0 x 10~ 4 eV 



(e L ,n L /s) (-0.24, -2.1 x 10" 10 ) (-0.17, -1.5 x lO" 10 ) (-0.11, -1.0 x 10 -10 ) 



-0.2 0.2 0.4 



-0.2 0.2 0.4 0.6 0.8 1 



-0.6 -0.4 -0.2 0.2 



FIG. 1: The motions of the AD-flaton fields, the real part 
(horizontal axis) and imaginary part (vertical axis), are de- 
picted in terms of the dimensionless fields \ a for the case (1) 
in Table |. 
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FIG. 2: The time variation of particle number asymmetries is 
shown for the case (1) in Table B. 
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FIG. 3: The time variation of the lepton number asymme- 
try is shown for the case (1) in Table M. where the solid and 
dashed lines represent the results with and without the ther- 
mal terms, respectively. 



13 




FIG. 4: The time variation of the AD-fiaton field magnitudes 
is shown in terms of r a for the case (1) in Table M. 
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FIG. 5: The time variation of the scalar potential terms 
is shown in terms of U(x) for the case (1) in Table Q. The 
respective terms are indicated as [c] : Hubble induced negative 
mass-squared terms, [a]: Hubble induced A terms, [F]: \F\ 2 
terms from W n on, [he]'- \LHd\ 2 term, [th]: thermal terms. 



15 



0.4 



0.3 



\ e L\ 



0.2 



0.1 



• t 



0.1 



0.3 



• ft 

••»*•• • * 

• •• ••• • • fk« mmm 



1 3 

Xqj Xh 



10 



FIG. 6: A scatter plot is presented for the resultant lepton 
number asymmetries depending on the ratio X^/Xh, where 
the relevant parameter values are taken randomly. 



